NMR pulse sequences are surveyed for solution-state methods that serve as typical, robust techniques in pharmaceutical or chemical NMR laboratories. Attention is drawn to up-to-date methods capable of enhancing sensitivity, resolution and information content. Sequences range from those used for pulse calibration and field homogeneity adjustment, through oneand two-dimensional homo-and hetero-nuclear methods for solution phase work. Techniques used for editing, resolving and simplifying data are highlighted and extensive use is made of sequence diagrams to present the basic structure of each pulse sequence in pictorial form.
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INTRODUCTION
Commercial NMR equipment evolution owes much to the demands imposed by users requiring ever more sophisticated experimental capabilities. One outcome is a bewildering array of pulse sequences, which are often subtle variations or improvements on a particular theme. They may depend on frequency-, band-or spatially-selective excitation, entail diverse homo-and/or hetero-nuclear frequency correlation schemes or use editing methods to simplify and enhance the resulting data. Across the breadth of all NMR-related disciplines, such diversity can be overwhelming and confusing. In this article I have selected pulse sequences that stand out as those most regularly used by NMR practitioners or which merit special emphasis owing to their future promise in routine spectroscopy. The methods yield rich information, are mostly straightforward to implement and show robustness when applied in a modern spectrometer context. These are essentials in unsupervised, robotic settings. The methods yield data for understanding small molecules, their structures, behaviours and interactions, whether as pure materials, contaminants or components within complex mixtures. Here I consider the sequences, use some examples of data they produce and describe how they can be adjusted to function optimally.
INITIAL SAMPLE ADJUSTMENTS
Sample set-up including modern approaches to optimizing magnetic field homogeneity (shimming) and calibration of the 1 H 90° pulse are important initial considerations in a solution-phase context.
Shimming 4
The process of field optimization has evolved from one based on lock signal measurement using lengthy iterative simplex procedures to the use of field mapping linked with resonance lineshape analysis and optimization, 1 which adds value to the rapid mapping procedure and provides an approach that virtually guarantees optimized field homogeneity under full automation (see emrstm1228). The classical gradient echo imaging sequence (Figure 1) exploits the z-gradient coil of a modern solution-phase NMR probe for one-dimensional field mapping and in combination with room temperature x and y non-spin shims for threedimensional field mapping.
(Insert Figure 1 here).
Two experiments generate data using the echo periods TE1 and TE2, the difference between the resulting data yielding a phase map. When compared with reference data, the process allows shim values to be directly set, providing a more optimized field. The process is iterative but takes as little as 10-20 s for 1D field mapping and a little longer (10-15 minutes) for complete 3D field mapping. Rapid 1D field mapping with lineshape optimization is ideally suited to unsupervised sample analysis, relying as it does on one dominating resonance in the spectrum. For this reason, the lock solvent deuterium signal is often used in this process.
1 H 90° Pulse Calibration
Accurate calibration of the 1 H 90° pulse has been traditionally measured by a time consuming single pulse-acquire sequence with an array of pulse lengths. 2 This process is incompatible if required as a feature of every data acquisition under automation. In an unsupervised setting, pulse mis-setting results in non-optimized data. The modern alternative relies on measuring 5 nutation of the magnetization vector in a rapid, single shot. 3 The pulse sequence, akin to homo-nuclear decoupling, uses a train of pulses between each of which is acquired a single data point. The resulting sinusoidal data are Fourier transformed generating two resonances (for a predominating response) separated by twice the nutation frequency, . Data are acquired during the dwell period with a duty cycle, d, from which the 90° pulse is calculated according to pw90=d/(2). The method can be fully automated and owing to its speed, can in theory be incorporated into all data acquisitions. In this way, all pulse sequences can be fully optimized for sensitivity and performance under full automation regardless of sample type or refined probe tuning, thus substantially improving data quality and reliability.
ONE-DIMENSIONAL METHODS
The single pulse-acquire sequence is the most basic NMR experiment. Delivered as a short burst (8-12 s) of radiation at high power (typically in the order of 10-20 W), the pulse creates a non-crafted excitation profile across the expected data acquisition bandwidth. Pulse length is adjusted to yield magnetization vector rotation of any desirable angle. A small rotation angle of typically 30˚ is often desirable to promote restoration of equilibrium magnetization.
Editing Schemes
Crafted NMR data falls under the guise of frequency specific-or band-selective procedures.
Frequency-and band-selective data acquisition
Similar to the single pulse-acquire scheme, frequency-or band-selective sequences make use of low power, long duration tailored pulses that narrow the excitation bandwidth to the region of interest, whether this be a single resonance (frequency-selective) or a frequency region (band-selective) (see emrstm0493). Single resonance selection alone has limited use but is suitable for assessing pulse power calibration and frequency selectivity. A range of pulse shapes have been developed which serve very wide ranging purposes (see emrstm0486).
1D-TOCSY
The power of tailored excitation emerges when combined with sequences for revealing correlations between related spins. For instance, 1D-TOCSY is useful in resolving data when signal overlap is extensive in some regions of data and resolved in others. Isolated signals are selected and manipulated to reveal spin-system partners at high digital resolution. The sequence is represented here in two forms (Figure 2) . The benefit of incorporating procedures to eliminate, in a single transient, interfering effects caused by zero-quantum coherence (see emrstm1257) are also illustrated.
(Insert Figure 2 here) An excitation construct is used to cleanly select the resonance from which magnetization is propagated to the remainder of the spin-system nuclei. Isotropic mixing by the DIPSI-2 spinlock sequence is preferred for more efficient mixing of the magnetization and the use of lower pulse powers across the bandwidth of interest compared with non-isotropic mixing sequences. 4 The basic pulse sequence (Figure 2a arises solely from pure absorption lineshape.
1D-NOESY and 1D-ROESY
Tailored excitation has also benefited the development of the NOE experiment, which has evolved from the truncated driven, difference method, requiring multiple transients to average out subtraction artefacts, to the modern single-or double pulsed field gradient spinecho (DPFGSE) approach that incorporates the same zero-quantum suppression construct described for 1D-TOCSY (Figure 4 ) (see emrstm0350).
(Insert Figure 4 here)
In the preparation period, the double pulsed field gradient spin-echo (DPFGSE) feature
cleanly selects only resonances of interest. A mixing pulse inverts the resulting spin magnetization from which evolves the NOE during the mixing period. The adiabatic 180˚
pulse over a weak field gradient eliminates the lineshape-distorting effects of zero quantum coherence, which is then followed by a purging gradient and a 90˚ read pulse. The experiment works with relatively few transients compared with its historical counterpart. A draw-back to this technique is that during these refocusing periods, T2-relaxation is active leading to some discontinuities in the FID yielding spectral artefacts. Looping the acquisition stage yields a FID with acquisition duration adequate for high-resolution spectra with acceptable lineshape (Figure 6b ).
(Insert Figure 6 here).
Full proton sensitivity is desirable and achieved for HOBS but the special coupling conditions make it less attractive for general purpose application, despite it being readily implemented under full automation for biopolymers. Related procedures for generating 1 H-{ 1 H}BB NMR data are available using several approaches albeit with reduced sensitivity.9
,10,11
For routine use, the continuous (instantaneous) Pureshift data acquisition scheme is attractive. 10 The principal difference between this and HOBS lies in the application of a narrow band, frequency selective shaped inversion pulse applied during a weak pulsed field gradient. The latter spatially encodes spin magnetization along the length of the NMR 
Diffusion-and T2-editing
Diffusion and relaxation characteristics can also be used to simplify NMR data. Motional properties of molecules are exploited using diffusion ordered spectroscopy (DOSY), especially for studying mixtures of molecules whose size, shape and molecular weights vary (Insert Figure 8 here)
Solvent Suppression
Samples studied in protonated solvents or very dilute samples studied in deuterated solvents
give intense solvent signals that must be attenuated in the 1 H NMR spectrum to improve digitization without compromising solute responses. Many solvent suppression schemes are available with choice governed by application. No catch-all method exists but instead, each has its own advantages, disadvantages and particular merits.
Presaturation
For routine use, presaturation, which is a solvent spin saturation technique, is the most straightforward, general purpose method typically used for handling aqueous samples. 
Watergate and Double Pulsed Field Gradient Spin Echo (DPFGSE)
Solvent suppression approaches that minimize saturation transfer effects suppress the solvent signal in a more tailored fashion. Basic Watergate (Water suppression through gradient tailored excitation, G1-S-G1, where S  "soft-180˚-hard-180˚" and G represents pulsed field gradient) 16 and excitation sculpting 17 to further shorten the duration of the method. These show excitation nulls at regular frequency intervals including at the centre of the 1 H NMR spectrum. 18 They are arguably less 14 robust techniques that require some user intervention to ensure optimal performance.
(DPFGSE, G1-S-G1-G2-S-G2)
Watergate and DPFGSE suppress the solvent signal during an echo period after the read pulse, which contrasts with presaturation, when solvent suppression occurs as the first event in the pulse sequence. When combined with 2D methods that make use of extended mixing periods (as in TOCSY, ROESY and NOESY), the excitation sculpting approach to suppressing the H2O response is considered to yield superior benefits.
WET
WET makes use of frequency-shifted soft pulses and can be used together with simultaneous 13 C-decoupling during the soft pulse and data acquisition periods to reduce the intensity of 13 C satellite signals from organic solvents, which can interfere with solute responses. 19 The method is ideal in the context of protonated organic solvents. WET incorporates a train of soft-pulses followed by spoiling gradients. 13 C decoupling is applied using a second independent r.f. channel during each of the soft pulses. The procedure collapses the The sequence is particularly useful for reaction process monitoring with liquid chromatography-(LC) coupled NMR systems in which protonated organic solvents serve as the mobile phase (see emrstm1193).
Ligand Screening
NMR approaches to ligand screening against potential biological targets form a key stage in modern drug discovery and design and either focus on the biological target or the ligand.
SAR-by-NMR (Structure-Activity-Relationship by NMR) 20 are applied far off resonance, are used along with the on-resonance saturation data to generate difference spectra that only show responses for ligands which bind to the protein target. The approach can be thought of as a special case of presaturation.
Water-LOGSY
Water-LOGSY (Water-Ligand Observed by Gradient SpectroscopY, Figure 12 
DEPTQ
25 is a more recent addition to the J-MOD or Attached Proton Test (APT) 26 , DEPT and INEPT sequences commonly used to edit 13 C spectra on the basis of spin multiplicity (see emrstm0398). DEPTQ improves data quality and robustness over other methods by inclusion of hetero-nuclear adiabatic 180° inversion pulses 27 ( Figure 13 ).
(Insert Figure 13 here)
This makes DEPTQ ideal for direct 13 C data acquisition in a high-throughput context.
Saturation of protons during the relaxation period builds the 1 H-13 C NOE for enhancement of 13 C signal intensity prior to the initial 13 C  pulse, which can be set to the Ernst angle for optimum sensitivity/pulse repetition. Adiabatic 180° 
PULSE SEQUENCES FOR 2D NMR SPECTROSCOPY
Sophisticated and powerful as they can be, pulse sequences that generate one-dimensional NMR spectra are only a fraction of the solution-phase NMR methods as a whole. Multidimensional methods provide access to a richer wealth of data (see emrstm1181). Modern methods allow such data to be accumulated at accelerated rates with tremendous reliability and accuracy. These are considered under the separate headings of homo-nuclear and heteronuclear techniques.
2D homo-nuclear through-bond correlations
Classical two-dimensional homo-nuclear correlations are traditionally applied to non-dilute spins at natural abundance or to samples uniformly enriched in specific nuclei, a common feature of biomolecular NMR studies. They follow the general scheme preparationevolution-mixing-acquisition. Preparation promotes spin relaxation, residual signal purging, restoration of z-magnetization and solvent signal handling. Evolution yields indirect chemical shift labelling of spins as a function of incremental delays. Mixing allows cross-talk between interacting spins and acquisition is the data collection period, which is increasingly taking on different forms in high-resolution liquids NMR 10 (also see emrstm1024).
COSY and TOCSY
Many variations of COSY (see emrstm0095 and emrstm0096) exist from the simplest twopulse, non-phase sensitive experiment to sophisticated gradient selected, multiple quantum filtered, phase sensitive variants. Absolute value COSY data can be acquired with a single transient per t1increment (Figure 15a ) making it ideal for quick acquisitions on abundant nuclei when there is sufficient signal.
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(Insert Figure 15 here)
The multiple quantum filtered analogue (Figure 15b ) selects the coherence pathway on the basis of gradient ratios. Phase sensitive variants require the introduction of 180˚ pulses in association with gradient pulses to compensate for unwanted phase errors that arise through chemical shift evolution during the gradients. A zero quantum suppression scheme may also be incorporated using the approach described previously and is followed by a purging gradient (Figure 15c ). For comparison, 2D-TOCSY yields strong responses with pure absorption lineshape, often revealing the identity of entire spin-system partners (see emrstm1165). Replacement of the selective r.f. pulse and related gradient pulse, g1, in Figure   2b with a t1 incremental delay results in the generalized 2D-TOCSY with zero-quantum suppression. The results are analysed in partnership with COSY and edited-HSQC/HMQC data to reduce the information content when establishing neighbouring spin partner identities.
2D homo-nuclear through-space and chemical-exchange correlations
NOESY
Starting with the 1D-NOESY sequence (Figure 4) , removing the selective pulse components along with their associated gradients and replacing these by a t1 incremental delay similarly generates a pulse sequence suitable for 2D-NOESY data acquisition (also see emrstm0347 and emrstm0350). The addition of preceding pulse constructs during the preparation period or spin-echo components following the final read pulse allows ready adaptation of the sequence for solvent suppression. T1 relaxation characteristics govern the choice of mixing time, m, which, for small, non-aggregating molecules, typically lies in the range 0.5-1.0 s and for larger molecules (Mr> 2 kDa) in the range 0.05-0.20 s. 'Medium' sized molecules (1000< Mr<2000), for which c  1.12 (where is the Larmor precession frequency and c the molecular correlation time) require 2D-ROESY for NOE observation in the rotating frame of reference.
ROESY
In contrast to NOESY as a straightforward and reliable method, ROESY (see emrstm0473)
has not been problem-free historically. The main issues have been data contamination caused by COSY and TOCSY cross-peaks (see emrstm0573) and cross-peak intensity distortions arising from resonance offset effects. Some pulse schemes were developed to circumvent these issues to increase the reliability of ROESY but no single method proved to be a cure-all for the issues encountered until a method dubbed EasyROESY was recently proposed and demonstrated 30 .
(Insert Figure 16 here).
EasyROESY uses adiabatic ramped pulses to transfer z-magnetization to and from the spinlock axis at the beginning and end of each spin-lock period (Figure 16 ). The spin-lock offset frequency is shifted from a low value during the first half of the mixing period to a high value during the second half. Spin-lock frequency offsets are equally disposed about the transmitter offset and lie well outside the observation window, typical values being 5000 < offset < 6000 Hz relative to a transmitter offset of 0 Hz. Purging gradients follow each spin-lock period. Using this approach, the offset dependency of the ROE signal intensity is eliminated and TOCSY artefacts are simultaneously reduced to a minimum. Resulting data are reliable for the purposes of integration and inter-nuclear distance measurement in molecules of medium size. 
Relaxation Parameter and Diffusion Coefficient Measurement
Although not formally two-dimensional, T1, T2 and diffusion coefficient (D) parameter measurements follow some two-dimensional data acquisition principles. Time-or gradientrelated parameters are systematically varied giving data attenuated as a function of the respective variable and stored as a two-dimensional array. 
2D hetero-nuclear correlations
Among the more powerful solution-phase NMR methods for small molecule structure elucidation, the data supply to automated structure verification (ASV) and the introduction of designed to decouple homo-nuclear proton couplings in the directly detected dimension. 34 The greatest advance in the quality of data arising from all of these methods owes its success to pulsed field gradients (see emrstm0164). These are used to best effect when selecting only 
One-bond heteronuclear correlations
HMQC and HSQC are most commonly used for detecting correlations between 1 H and other spin-½ nuclei, particularly 13 C and 15 N, via 1 JHX. An advantage of HMQC is its robustness towards mis-setting of pulse lengths as well as delivering a limited number of r.f. pulses, thus shortening the sequence overall relative to HSQC. 1 H homo-nuclear coupling evolves during the hetero-nuclear chemical shift evolution period, producing split cross-peaks in the indirectly detected dimension, a drawback if resolution is an issue. HSQC does not suffer from this effect but is a longer pulse sequence that is not insensitive to pulse mis-setting. One optimized HSQC sequence is the gradient selected version with sensitivity improvement and options for multiplicity-editing (Figure 19 ), throughout which 13 C adiabatic 180˚ pulses are used in place of 180˚ hard pulses.
(Insert Figure 19 here)
The adiabatic CHIRP 180˚ pulses invert 13 The data benefit by increased resolution in the 1 H dimension together with increased signal intensity. Where such techniques are implementable on modern NMR spectrometers, there is scope for simultaneous sensitivity and resolution improvement in routine data acquisition that should supersede many of the commonly adopted methods used for detecting hetero-nuclear 1 JHX correlations.
Multiple-bond hetero-nuclear correlations 27
The partner to HMQC and HSQC is a method that correlates H and X through bonding networks according to n JHX where n  2. This HMBC 36 n JHX) for n  2, this creates delays of typically 70-250 ms during the pulse sequence, which can be problematic if transverse relaxation plays a significant part.
Widely differing values of LR are required to capture correlations associated with the and is equivalent to running the concatenated sequence HMQC-COSY. The method is only suitable for revealing correlations where proton-attached hetero-nuclei are involved.
HSQC-TOCSY
2D HSQC-TOCSY extends this idea (see emrstm0467 
HOESY
HOESY is the final pulse sequence to be considered here. Like the homo-nuclear NOE, the hetero-nuclear Overhauser effect (hetero-nuclear NOE) occurs through a dipolar coupling mechanism between different types of nuclei, one of which is usually proton. The experiment (Figure 21 ) may be carried out in either hetero-nuclear-or proton-detected modes. F nuclei. 39 The added advantage of this for aqueous samples is that solvent suppression can be avoided. Particular care must be taken over the choice of mixing time in this context. 19 F T1 relaxation times can be similar in size to 1 H T1s but may be considerably shorter or considerably longer. The pulse sequence can be adapted in a number of ways including the incorporation of a spoiling gradient within the mixing period and adaptation as a gradient-selected procedure. The latter is particularly useful since the heteronuclear NOE response is small and non-gradient-selected data can result in large artefacts arising from t1 ridges.
CONCLUSIONS
In this article I have highlighted pulse sequences that are current and routinely used within Research interests: (bio)molecular structure elucidation, recognition and assembly; enzyme reaction profiling; mixture analysis; nucleic acids.
Tables and Captions
Figures Captions Figure 1 Gradient echo imaging sequence where the total gradient strengths for g1 and g2 are equal and TE1 and TE2 are gradient echo periods used to acquire different data sets. 1 H represents the r.f. channel where narrow black rectangles relate to 90° hard pulses. Gz relates to pulsed field gradients. 
